A glassy phase containing cubic phase particles with a size of 3-5 nm was formed in cast Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 bulk alloys. The cubic phase is in a metastable state and its lattice parameter (a 0 ) is 0.45 nm for the former alloy and 0.51 nm for the latter. These bulk alloys exhibit good mechanical properties of 2000-2130 MPa for tensile strength ( t,f ), 2060-2160 MPa for compressive strength ( c,f ) and 0.008-0.017 for compressive plastic strain (" c,p ). The temperature interval of the supercooled liquid (SL) region prior to crystallization is 37 K for Cu 60 Zr 30 Ti 10 and 67 K for Cu 60 Hf 30 Ti 10 . The primary crystallization occurred by precipitation of cubic CuZr (a 0 ¼ 0:35 nm) in a diffusion-controlled growth mode of nuclei and an orthorhombic Cu 8 Hf 3 phase in an interface diffusion-controlled growth of nuclei with decreasing nucleation rate. The difference in the precipitation modes is interpreted to be the origin of the difference in the SL region. Furthermore, the addition of Al to Cu-Zr and Cu-Hf alloys caused the formation of a glassy single phase in the rod form with diameters up to at least 3 mm, though bulk glassy alloy rods with critical diameters up to 1.5 mm and c,f of 1920-2260 MPa were formed in Cu-Zr and Cu-Hf binary systems. The ternary bulk glassy alloys exhibited high c,f of 2100-2370 MPa with " c,p of 0.002-0.006. The addition of Pd, Pt, Ag or Au increased ÁT x and a large ÁT x of 102-110 K was obtained for the Cu-Hf-Al-M (M=Pd or Ag) glassy alloys. The synthesis of Cu-based bulk glassy alloys with good mechanical properties and large ÁT x in glassy single, and mixed glassy and cubic phase states, is important for future applications of bulk glassy alloys.
Introduction
It is known that high-strength bulk glassy alloys are obtained in Zr-and Pd-based alloy systems by the copper mold casting and water quenching techniques. [1] [2] [3] [4] It is important to develop a new bulk glassy alloy with high strength and good ductility in late transition-metal based alloys such as Fe-, Co-, Ni-and Cu-based systems because they are expected to have much higher mechanical strength. A number of bulk glassy alloys developed to date include Cu as one of the major solute elements, as exemplified by Zr-AlCu, Zr-Al-Ni-Cu, Zr-Ti-Ni-Cu-Be and Ti-Zr-Ni-Cu-Sn glassy alloys. [1] [2] [3] [4] Subsequently, some bulk glassy alloys containing a large amount of Cu (40 to 45 at%) have also been developed. 5) However, no data have been available on the formation of Cu-based bulk glassy alloys with more than 50 at%Cu. In 2000, Inoue et al. succeeded for the first time in synthesizing Cu-based bulk glassy alloys in Cu-Zr-Ti, 6, 7) CuZr, 7, 8) Cu-Hf-Ti, 7, 9) Cu-Hf 7, 8) and Cu-Zr-Hf-Ti 10) systems. It has been reported that glassy alloy rods with diameters up to 1.5 mm are formed even in Cu-Zr and Cu-Hf binary alloy systems. Multi-component Cu-based bulk glassy alloys have been prepared in diameters up to 4 mm, and exhibited high fracture strength of 2000-2160 MPa as well as significant plastic strain of 0.008 to 0.017, [6] [7] [8] 10) much larger than observed in other bulk glassy alloys. [1] [2] [3] [4] Subsequent study has demonstrated that the Cu-based bulk glassy alloys exhibiting good mechanical properties consist of a glassy phase containing high volume fractions of metastable cubic phase with a size of 3-5 nm. 11, 12) Thus, the new Cu-based glassy alloys in Cu-Zr-Ti and Cu-Hf-Ti systems are classified as a new type of nanocrystal-dispersed bulk glassy alloy. Cubased bulk glassy alloys without any second phase have also been synthesized in Cu-Zr-Al and Cu-Hf-Al based systems. This paper aims to review our recent results on the formation, thermal stability, mechanical properties and corrosion resistance of bulk glassy single phase alloys and nanocrystaldispersed glassy alloys in Cu-based binary and multicomponent systems in which Cu exceeds 50 at%.
Formation and Properties of Binary Bulk Glassy
Alloys Figure 1 shows X-ray diffraction patterns of Cu Figure 4 shows the fracture surface morphology of the Cu 45 Zr 55 and Cu 55 Hf 45 alloy rods. The fracture occurs along the maximum shear stress plane which is inclined by about 45 degrees to the direction of compressive applied load. In addition, the fracture surface consists mainly of vein patterns elongated in the direction of shear sliding. These deformation and fracture behaviors indicate that the Cu-Zr and Cu-Hf glassy alloy rods have good mechanical properties combined with fracture strength over 2000 MPa and distinct plastic elongation. 10 14) causes the precipitation of an icosahedral phase as a primary crystallization phase. The icosahedral phase has a fine particle size of 3-50 nm and precipitates very homogeneously in the glassy matrix. In addition, we have confirmed the absence of any appreciable segregation of elemental Cu and Zr at the first neighboring position in the radial distribution function (RDF) profile of Cu 30 Zr 70 glassy alloy. 15) That is, the local atomic configuration is different from those for the corresponding equilibrium compounds. These earlier data have been interpreted on the assumption that the Cu-based glassy alloys have a unique glassy structure consisting mainly of shortrange icosahedral atomic configurations. Furthermore, the melt-metal type alloys with three component rules such as Zr-Cu-Al and Zr-Ni-Al systems have an unique structure with the features of (1) highly dense-packed atomic configuration, (2) new local atomic configuration, and (3) longrange homogeneity with attractive interaction, 4) being consistent with the formation of a short-range icosahedral atomic configuration. Based on these earlier data, it may be also concluded that the high glass-forming ability of the Cu-Zr binary alloys originates from the formation of a unique local atomic configuration such as an icosahedral atomic configuration which is different from the local structure of the corresponding equilibrium compounds. It is well known that the icosahedral type short-range atomic configuration is one of the favorable glassy structures leading to enhancement of stability of the supercooled liquid against crystallization. 13) 3. Formation and Thermal Stability of Multi-component Bulk Glass Alloys respectively. It can be seen that the Cu-Zr-Ti alloys with high glass-forming ability do not show a large supercooled liquid region prior to crystallization, though the Cu-Hf-Ti alloys exhibit a rather large supercooled liquid region from 28-78 K. In addition, the Cu-Zr-Ti glassy alloys crystallize through multiple states, suggesting that the primary crystallization phase is in a metastable state. The strange phenomenon that the alloys without a large supercooled liquid region before crystallization exhibit a high glass-forming ability is investigated in more details later.
Mechanical Properties and Corrosion Resistance
The Cu-based glassy alloy rods exhibited good mechanical properties which have not been obtained in Zr-, Mg-and lanthanide(Ln)-based bulk glassy alloys. Fig. 7 . We have also reported that the addition of Be to CuZr-Ti alloy (Cu 54 Zr 27 Ti 9 Be 10 ) causes a further increase in the E, y , t,f and c,f to 146 GPa, 2180 MPa, 2450 MPa and 2500 MPa, respectively, in conjunction with rather good plastic strain of 0.035 under a compressive applied load. 16) Although the supercooled liquid region defined by the difference between T g and T x , ÁT x ð¼ T x À T g Þ, is as small as 37 K for Cu 60 Zr 30 Ti 10 , the addition of Ni or Co increases ÁT x to 60 K for (Cu 0:6 Zr 0:3 Ti 0:1 ) 95 Ni 5 and 49 K for (Cu 0:6 Zr 0:3 Ti 0:1 ) 96 Co 4 .
17) The 5%Ni-and 4%Co-containing alloys also maintain high yield strength of about 1900 MPa. We further examined the effect of Nb on the mechanical properties of Cu-Zr-Ti-Nb glassy alloys.
18) The yield strength increases with increasing Nb content and the highest yield strength is 2050 MPa for (Cu 0:6 Zr 0:3 Ti 0:1 ) 91 Ni 5 Nb 4 alloy rod. The Cu-Zr-Ti-Nb glassy alloys exhibit good corrosion resistance in various chemical aqueous solutions such as 1NHCl, 3%NaCl and 1NH 2 SO 4 + 0.001NNaCl. 19) It has been clarified that the improvement of corrosion resistance by the addition of Nb is mainly due to an increase in corrosion potential rather than a decrease in current density. Furthermore, we examined the change in cationic concentration of M (M = Cu, Zr and Ti) in the surface of the film containing Nb. 19) With increasing Nb content, the cationic concentrations of Zr, Ti and Nb in the surface film increase, while the Cu concentration decreases in comparison with each nominal concentration. These experimental data indicate that enrichment with Zr, Ti and Nb plays a dominant role in the enhancement of corrosion resistance.
Formation and Microstructure of Bulk NanocrystalDispersed Glassy Alloys
We examined the crystallization behavior of Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 glassy alloys. 12, 20) The ÁT x was 37 K for the former alloy and 67 K for the latter, as shown in Fig. 6 . The ordinary X-ray diffraction patterns showed a broad peak without any crystalline peak. 20) In addition, the ordinary radial distribution function showed a broad peak at the first nearest neighbor position for both alloys. However, as is evident from the environmental RDF curves around Cu and Zr atoms for the Cu 60 Zr 30 Ti 10 glassy alloy shown in Fig. 8 , the RDF curve around Cu consists of a broad peak at the first neighboring position, while the curve around Zr separates to two peaks consisting of Zr-Cu and Zr-Zr atomic pairs. This result indicates that elemental Zr and Cu are separated at the first neighboring position in the as-spun glassy phase. With the aim of clarifying the separated glassy structure, highresolution TEM images and selected-area electron diffraction patterns of the as-spun Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 alloys are shown in Fig. 9 .
12) Very fine fringe-contrast regions with a size of about 5 nm are homogeneously dispersed in an isolated fashion in the glassy matrix and there is no appreciable difference in the dispersion nanostructures of the two alloys. Figure 10 shows the nanobeam electron diffraction patterns of the fringe contrast regions and their analytical results. All the reflection spots are analyzed as a cubic phase and its lattice parameter is 0.45 nm for the Cu 60 Zr 30 Ti 10 alloy and 0.51 nm for the Cu 60 Hf 30 Ti 10 alloy. The HAADF-STEM images of the two as-spun alloys are shown in Fig. 11 . 21) The bright contrast region with a size of 3-5 nm disperses homogeneously. Considering that the bright-and dark-contrast regions correspond to Zr-rich and Cu-rich regions, respectively, it is concluded that the as-spun alloys consist of a modulated structure consisting of Zr-and Cu-rich regions. The Guineir plot of small angle X-ray scattering data of the as-spun Cu 60 Hf 30 Ti 10 alloy has also indicated that the size of the modulated regions is approx- Synthesis and Fundamental Properties of Cu-Based Bulk Glassy Alloys in Binary and Multi-component Systemsimately 3-4 nm. 21) In addition, we analyzed alloy compositions of their modulated regions with Zr-and Cu-rich compositions by nanobeam energy dispersion X-ray spectroscopy. 21) Table 1 summarizes the analytical alloy compositions of the fringe contrast (nanocrystal) region and the glassy regions for the as-spun Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 alloys. The nanocrystalline phase has a Cu-rich, Zr-(or Hf-)poor and Ti-poor composition in comparison with the nominal alloy composition, while the glassy phase has a Cupoor, Zr-(or Hf-)rich and Ti-rich composition. It is therefore concluded that the bright contrast region with Zr-or Hf-rich composition corresponds to the glassy region and the dark contrast region with a Cu-rich composition consists of the nanocrystalline phase.
Crystallization Behavior of Bulk Nanocrystal-Dispersed Glassy Alloys
It was shown that the Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 alloys in as-spun and as-cast states had a nanoscale mixed structure consisting of a cubic phase with a size of 3-5 nm embedded in a glassy matrix. The cubic phase has a lattice parameter of 0.45 nm for the former alloy and 0.51 nm for the latter, and a relatively Cu-rich composition in comparison with the nominal composition. Figure 12 shows X-ray diffraction patterns of the Cu-Zr-Ti and Cu-Hf-Ti alloys annealed at temperatures just above the first exothermic peak. 22) We cannot detect any appreciable structural change for the former alloy, while the latter alloy shows a change to an orthorhombic Cu 8 Hf 3 phase with a 0 ¼ 0:781 nm, b 0 ¼ 0:810 nm and c 0 ¼ 0:995 nm. Figure 13 shows bright-field TEM images and selected-area electron diffraction patterns of the annealed alloys. The Cu-Zr-Ti alloy consists of two kinds of cubic phases with lattice parameters of 0.35 nm and 0.53 nm. Considering that the cubic phase with a 0 ¼ 0:53 nm exists in the as-spun state, the first-stage exothermic peak is concluded to result from the precipitation of the cubic-CuZr phase with a 0 ¼ 0:35 nm. The newly precipitated cubic-CuZr phase has a particle size of about 10-20 nm and disperses homogeneously in coexistence with the original cubic phase. However, we cannot detect distinct grain growth of the original cubic phase in the bright-field TEM image. In contrast, the Cu-Hf-Ti phase is occupied by the Cu 8 Hf 3 phase over the whole area and its grain size is about 20-30 nm, which is much larger than that of the cubic phase. This result indicates clearly that the first exothermic peak of the Cu-HfTi alloy is due to the precipitation of Cu 8 Hf 3 phase. We further examined the kinetic behavior of the precipitates by JMA plot analysis of the first exothermic peak corresponding to the precipitation of the cubic-CuZr and Cu 8 Hf 3 phases. 23) A good linear relation was obtained in the JMA plots and the Avrami exponent (n-value) was approximated as 2.5 for the precipitation of the cubic CuZr phase and 3.5 for the Cu 8 Hf 3 phase. These n-values indicate that the precipitation occurs through the three-dimensional diffusion controlled growth of nuclei at a constant nucleation rate for the cubic CuZr phase and through the interface diffusion controlled growth with decreasing nucleation rate for the Cu 8 Hf 3 phase. Thus, the kinetic behavior is significantly different between the two Cu-based alloys. The Arrhenius analyses of incubation period, as a function of isothermal temperature, T, were also made for the primary cubic CuZr and Cu 8 Hf 3 phases. 23) Good linear relations were recognized and the activation energy for the nucleation of the primary phase is evaluated to be 383 kJ/mol for the Cu-Zr-Ti alloy and 443 kJ/mol for the Cu-Hf-Ti alloy. The much larger activation energy for the Cu-Hf-Ti alloy indicates that the precipitation of the Cu 8 Hf 3 phase is much more difficult as compared with the bcc CuZr phase, this being consistent with the difference in the precipitation modes. In addition, one can notice that the much larger supercooled liquid region for the Cu-Hf-Ti alloy originates from the difficulty of the precipitation of the primary Cu 8 Hf 3 phase, as is evidenced from the different precipitation mode and the larger activation energy.
As shown in the previous section, the nanobeam EDX data indicate that the nanoscale bcc phase in the as-spun Cu 60 Zr 30 Ti 10 and Cu 60 Hf 30 Ti 10 alloys has Cu-rich alloy compositions. Based on the experimental data, we have tried to form a glassy single phase through further optimization of alloy composition and confirmed that a decrease in Cu content as well as an increase in Hf content causes the formation of a glassy single phase.
Cu-Zr-Al and Cu-Hf-Al Based Bulk Glassy Alloys
It was shown that nanocrystal-dispersed bulk glassy alloys were formed in Cu-Zr-Ti and Cu-Hf-Ti alloy systems by the copper mold casting process. These ternary Cu-based bulk glassy alloys do not completely satisfy the following three component rules 1, 2, 4) for stabilization of metallic supercooled liquid and formation of bulk glassy alloys, i.e., (1) multicomponent consisting of more than three elements, (2) significant atomic size mismatches above 12% among main constituent elements, and (3) negative heats of mixing among main elements. The deviation from the three component rules is thought to result in the formation of nanoscale crystaldispersed glassy alloys because of the increase in the stability of the supercooled liquid against crystallization. When the alloy component of these Cu-based alloys is modified so as to satisfy the three component rules, it is strongly expected that the resulting Cu-based alloys will have an enhanced glassforming ability through an increase in the stability of the supercooled liquid, i.e., through the extension of the supercooled liquid region prior to crystallization. We examined the thermal stability of Cu-Zr-Al and Cu-Hf-Al ternary alloys in which the three component rules are satisfied. glassy alloys annealed at the temperatures just above the first exothermic peak. Figure 14 shows DSC curves of the as-spun Cu 60Àx Zr 40 Al x glassy alloys. The alloys containing 2.5-7.5%Al exhibit a large supercooled liquid region prior to crystallization. A distinct composition dependence of ÁT x ð¼ T x À T g Þ for the Cu-Zr-Al ternary glassy alloys is recognized and the largest ÁT x is 74 K for Cu 55 Zr 40 Al 5 and Cu 50 Zr 42:5 Al 7:5 alloys. Any deviation from these alloy compositions causes a gradual decrease in ÁT x . However, it can be seen that large ÁT x values above 70 K are obtained over a rather wide composition range of 37.5-47.5%Zr and 2.5-7.5%Al. High reduced glass transition temperatures above 0.60 are also obtained over a wide Al content range from 2-6%Al in the alloy series of Cu 60Àx Zr 40 Al x and the highest T g =T l is 0.62 for Cu 55 Zr 40 Al 5 . By choosing the Cu-Zr-Al alloys with high T g =T l above 0.60, bulk glassy alloy rods with diameters up to at least 3 mm were formed by the copper mold casting process. 24) Table 2 summarizes thermal stability and mechanical properties of the Cu-Zr-Al bulk glassy alloys. These Cu-based alloys possess high compressive fracture strength of 2100-2200 MPa with distinct plastic elongation of 0.002-0.004. The fracture of the Cu-based bulk glassy alloys occurred along a main shear band inclined by 43 degrees to the direction of applied stress, and a typical elongated vein pattern was observed in the fracture surface.
Similar thermal stability and mechanical properties were also obtained for Cu-Hf-Al ternary glassy alloys. Figure 15 shows the composition dependence of ÁT x for Cu-Hf-Al ternary glassy alloys.
25) The large ÁT x values above 80 K are obtained over a wide composition range of 37.5-50%Hf and 2.5-5%Al and the highest ÁT x value is 91 K for Cu 50 Hf 45 Al 5 . Thus, the ÁT x is strongly dependent on Al content. Table 2 also shows thermal stability and mechanical properties of the Cu-Hf-Al bulk glassy alloys. 25) These CuHf-Al bulk glassy alloys exhibit very high compressive fracture strength of 2260-2370 MPa with plastic strain of 0.002-0.006, in addition to high T g =T l of 0.62-0.63.
We further examined the additional effect of transition metals (TM=Pt, Au, Pd or Ag) on the thermal stability of supercooled liquid for Cu 50 Zr 40 Al 5 TM 5 glassy alloys. The addition of Au or Pd increased ÁT x and the largest ÁT x was 85 K for the Pd-containing alloy. The extension of the supercooled liquid region results from a more significant increase in T x in comparison with Cu 55 Zr 40 Al 5 alloy. A quite remarkable effect on the ÁT x value was seen with the addition of TM elements to make Cu 45 Hf 45 Al 5 TM 5 glassy alloys, as shown in Fig. 16 . 26) All these glassy alloys have large ÁT x values above 93 K and the largest value is 110 K for the Ag-containing alloy. The increase in the ÁT x value for the Cu-Hf-Al-Ag alloy is due to the combination of the decrease in T g and the increase in T x in comparison with Cu 50 Hf 45 Al 5 alloy. Thus, the additional effect of Pd and Ag leading to the increase of ÁT x is presumably due to an increase in the difficulty of atomic rearrangements on a long- Synthesis and Fundamental Properties of Cu-Based Bulk Glassy Alloys in Binary and Multi-component Systems
